Transparent and homogeneous hybrid aminopropyl silane-based coatings on steel were prepared by the sol-gel method using hydrolyzed -APS as a precursor. The coatings were fabricated by dip coating, and the effect of pH, water/silane ratio and solvent/silane ratio during the coating process was investigated with respect to thermal stability, coating thickness, roughness, contact angle and abrasion resistance. The thickness of the coatings was controlled by the preparation conditions as well as the viscosity of the sols and varied between 0.17 and 4.1 µm. The coatings were in general smooth and the roughness in the order of a few nm. The coatings possessed hydrophilic character with contact angles of water from 65 to 80 °, while organic pentadecane wetted the coatings. The abrasion resistance improved with decreasing pH of the water used during hydrolysis of the silane. The abrasion resistant properties of the coatings were characterized with respect to delamination and smearing. Thicker coatings were delaminated while thinner coatings were smeared and displayed lubricating properties. The coatings were thermally stable up to 350 °C, and also displayed a low pore volume and a low surface area.
SYNTHESIS AND CHARACTERIZATION OF HYBRID AMINOPROPYL SILANE-BASED COATINGS ON STAINLESS STEEL SUBSTRATES
S
Introduction
Hybrid inorganic-organic materials combine the advantages of the flexibility and good impact resistance of the organic moiety and high mechanical strength, good chemical resistance and [18] developed a sol-gel synthesis route for γ-APS, but the properties of the γ-APS-based coatings have not previously been characterized.
In this work we demonstrate the feasibility of using hybrid aminopropyl silane-based sols for the preparation of coatings on steel substrates. Steel is commonly used for oil and gas pipelines, however, corrosion and wax deposition cause unwanted shut-downs due to maintenance. Thus the possibility of coatings the steel surfaces with γ-APS-based systems was explored. Generally, for tetraethoxysilane, the hydrolysis reaction is promoted at low pH.
Due to this, it was desirable to investigate the feasibility of pH reduction in a relatively concentrated γ-APS in order to control the hydrolysis and condensation reactions. The coatings prepared by using different γ-APS-based sols have been characterized with respect to homogeneity, smoothness, thickness, wear resistance in addition to their wetting by water as well as an organic liquid. properties; water/silane ratio (R), solvent/silane ratio (S) and pH of water during the hydrolysis reaction, hereby denoted as hydrolysis pH. The compositions studied are included in the ternary diagram in Figure 1 . The sols are referred to as h-xR-yS where h reflects that the sol is a hydrolyzed aminopropyl silane, x represents the water/silane ratio, R, and y denotes the solvent/silane ratio, S. An HCl-suffix is attached to the sols and coatings hydrolyzed with a water-HCl mixture, and these are denoted "acidic", while the sols and coatings hydrolyzed with neutral hydrolysis water are termed "neutral". Furthermore, the water/silane ratio was either 1.6 (here defined as hypostoichiometric with respect to hydrolysis), 3 (here defined as stoichiometric with respect to hydrolysis) or 5 (here defined as hyperstoichiometric with respect to hydrolysis). A summary of the composition of the sols is provided in Table 1 . The silane concentration was calculated as the amount of γ-APS present in the sol and is given as mol % silane.
Experimental
Substrates of stainless steel (E. A. Smith Stål og Metall AS, AISI SS 304, thickness 0.5 mm, 35 cm²) were ground and polished to a mirror shine. The sols were aged at 4 °C for 24 to 48 h before they were applied to the substrates. Coating of the substrates was performed with a dip coater (KSV DCX2) in a clean room (ISO 7) in nitrogen atmosphere to avoid reactions between the basic amine groups and carbon dioxide from ambient air. The withdrawal speed was varied between 5 and 20 mm/min. The coatings were thermally cured in a chamber furnace (Carbolite HT/28CR) at 140 °C for 2 h with a subsequent hold at 160 °C for 3 h. The heating rate was 10 K/h from ambient temperature to 140 °C and 20 K/h the remaining temperature increase up to 160 °C. The cooling rate was 100 K/h. One part of the sol was gelled in a beaker and dried at ambient conditions. Subsequently, thermogravimetric analysis (TGA, Netzsch STA449C on 19 TASC 414/3) was conducted on the dried gels with a heating rate of 120 K/h. A Micromeritics Tristar 3000 analyzer was used to measure the nitrogen adsorption and desorption isotherms of a selection of the hybrid aminopropyl silane-based gels at 77.3 K. The gels were dehydrated at 250 °C under vacuum prior to the analysis.
The viscosity of selected sols was measured at 5 °C under nitrogen atmosphere using a Haake Mars Modular Advanced Rheometer System (Thermo Scientific) with a cup cone geometry.
The sols were stored at 5 °C for 4 months prior to the viscosity measurements. The surface wetting was studied by measuring the advancing contact angle by the sessile drop method using a goniometer-camera computer system (DSA100, Krüss, Germany). The contact angle at 25 °C was obtained between one layer of hydrolyzed aminopropyl silane on stainless steel and distilled water or pentadecane (Fluka, analytical standard). For a given system, the contact angle measurements were repeated three times and the reported values were corrected for surface roughness.
Results

Sol Characterization
The viscosity and shear stress as a function of shear rate are shown for selected sols in Figure   2 
Coating Characterization
The thermal behavior of the coatings was assessed by thermogravimetry of dried gels from the hydrolyzed aminopropyl silane-based sols (featured in Figure S1 ). The hybrid materials were thermally stable up to approximately 350 °C. Furthermore, the gels (i.e. coatings) displayed a low surface area and a low pore volume. Moreover, nitrogen adsorption isotherms of selected silane-based gels are provided in Figure S2 . The isotherms of the gels were characteristic of a non-porous solid (most probably a type 2 isotherm), which is typical for a non-porous silica gel [20] The thickness as a function of R for the neutral and acidic coatings, respectively, is presented in Figure 5 (a) and (b). The thickness was shown to vary between 0.17 and 4.1 µm, and the thickness generally decreased with increasing R for a given S. The dependency of the thickness on the mol % silane is shown in Figure 5 (c) and (d) for the neutral and acidic coatings, respectively. The thickness increased with increasing mol % silane for a given R, and higher R resulted in thicker coatings for a given silane concentration. Furthermore, the thickness per mole of water added during hydrolysis was shown to increase linearly with the silane concentration as displayed in Figure 5 (e), and the acidic coatings were generally thinner than the neutral coatings. The thickness of the hybrid aminopropyl silane-based coatings increased with viscosity for a given R as displayed in Figure 5 (f). The thickness of the coatings is also provided in Table 2 .
The observed contact angles of the acidic and neutral coatings with respect to water varied between 65 and 80 ° ( Table 2 ). All coatings were wetted by liquid pentadecane.
SEM images of dry abrasion tracks of coatings with R= 5 and a variation in S are shown in The effect of S on the abrasion resistance of the coatings is further elaborated for an acidic coating in Figure S3 . For these coatings, the abrasion was limited, but the degree of delamination increased with increasing S as depicted in the magnified images in Figure S3 (b).
In general, the acidic coatings have a higher abrasion resistance compared to the neutral coatings. For the neutral coatings, the abrasion resistance increased with decreasing coating thickness for a given R.
The effect of varying R at S=6, is shown in Figure S4 (a). The SEM images show similar tracks for all the coatings. Close-up of the abrasion tracks are displayed in Figure S4 (b), and it can be seen that parts of coatings h-3R-6S and h-5R-6S were delaminated. Ageing of coatings in ambient atmosphere up to two months showed no change in the abrasion resistance.
Discussion
The sol-gel method enables control of the final connectivity in the hybrid coatings by two reaction types, namely hydrolysis and condensation. By modifying the chemistry in order to promote one over the other, different microstructures and morphologies can be obtained. The hydrolysis and condensation reactions are outlined in Eq. 1-3 where R' is an alkyl group. Two different condensation reactions occur depending on the water/silane ratio, R. Low water/silane ratios result in alcohol producing condensation (Eq. 2, R<1.5), while higher ratios promote water producing condensation (Eq. 3, R>1.5).
(1)
In the first step (Eq. 1), alkoxy groups are hydrolyzed, producing Si-OH which may further react with other Si-OH (or Si-OR') units and condense to form larger units or a network (T will dominate rendering the condensation rate slow [21] , resulting in linear structures since the alkoxy groups can be fully hydrolyzed before condensation begins. For an aminopropyl silane, however, reducing the pH to the acidic region is not as easy because of the basic amine groups. Nevertheless, addition of HCl during the sol synthesis will reduce the pH enough to alter the chemistry in order to reduce the condensation reaction rate as was shown by the variation in the structural entities of the Si species as identified by 29 Si NMR in Figure 3 . can also explain the higher viscosity which was observed for the aged hyperstoichiometric sol as these units would be connected in chains [22] . Analogously, sols constituting mainly T [22] , and a lower viscosity can be assumed for these sols compared to the chained sols.
The coatings were smooth as illustrated by the AFM images in Figure 4 with contact angles with water between 65 and 80 °. Due to the propyl groups, the coatings were also wetted by an organic liquid. We have previously studied the properties of similar γ-APS coatings in order to simulate wax deposition conditions from oil composed of a binary test fluid of n-decane and n-tetracosane [9] . Compared to thicker, commercial paints, the -APS-based coatings were superior with respect to reduction of wax deposition, which could indicate that the obtained wetting properties are beneficial with respect to prevention of wax deposition.
The dry abrasion resistance studies identified two types of behavior in the hybrid aminopropyl silane-based coatings; the coatings were either delaminated or smeared. Coating delamination was characterized by a higher friction coefficient with corresponding SEM images which displayed that the delaminated coatings had flaked off, while smearing was identified by a lubricating behavior. The abrasion resistance and degree of smearing of the acidic coatings decreased with increasing S. However, for the neutral coatings, increasing S (reducing coating thickness and silane concentration) improved the abrasion performance of the neutral coatings, and a smearing type behavior could then be observed. The smeared coatings were thinner than the delaminated coatings. The different behavior of the acidic and neutral coatings with respect to the degree of delamination was related to the chemical difference in the parent sols.
In terms of chemistry, the degree of condensation into T entities after 24 h (hypostoichiometric, R=1.6) provided coatings which smeared upon abrasion. Finally, whereas a delaminated coating is disrupted and thus will provide no further protection chemically nor mechanically, a smeared coating should still be able to chemically protect the steel surface to a certain extent as long as the coating is covering the whole surface.
Conclusion
Smooth and homogeneous hybrid inorganic-organic silica-based coatings were synthesized utilizing sol-gel chemistry with an aminopropyl silane as precursor at acidic or neutral hydrolyzing conditions. The inorganic part of the hybrid material increased the thermal stability of the coatings up to 350 °C. The hybrid aminopropyl silane-based coatings displayed a low pore volume and a low surface area. The coating thickness was in the range 0.17-4.1 µm with roughness in the nm range. The thickness and the roughness of the coatings could be tailored by optimizing the water/silane ratio in the sols. The coatings prepared at acidic hydrolysis conditions displayed better abrasion resistance than the coatings prepared at neutral hydrolysis conditions. Delamination during abrasion was less pronounced in the coatings prepared at acidic hydrolysis conditions compared to coatings of similar thickness prepared at neutral hydrolysis conditions. The coatings were hydrophilic as demonstrated by water contact angles between 65 and 80 °. However, liquid pentadecane was also shown to wet the coatings. 
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